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The predominant histamine receptor subtype in the supraventricular and ventricular tissue of various mammalian species is the H2
receptor (H2-R) subtype, which is known to couple to stimulatory G proteins (Gs), i.e. the major effects of this autacoid are an increase in
sinus rate and in force of contraction. To investigate histamine effects in H2-R-transfected rat atrial myocytes, endogenous GIRK currents and
L-type Ca2 + currents were used as functional assays. In H2-R-transfected myocytes, exposure to His resulted in a reversible augmentation of
L-type Ca2 + currents, consistent with the established coupling of this receptor to the Gs–cAMP–PKA signalling pathway. Mammalian K
+
channels composed of GIRK (Kir3.x) subunits are directly controlled by interaction with hg subunits released from G proteins, which couple
to seven-helix receptors. In mock-transfected atrial cardiomyocytes, activation of muscarinic K+ channels (IK(ACh)) was limited to Gi-coupled
receptors (M2R, A1R). In H2-R-overexpressing cells, histamine activated IK(ACh) via Gs-derived hg subunits since the histamine-induced
current was insensitive to pertussis toxin. These data indicate that overexpression of Gs-coupled H2-R results in a loss of target specificity due
to an increased agonist-induced release of Gs-derived hg subunits. When IK(ACh) was maximally activated by GTP-g–S, histamine induced
an irreversible inhibition of the inward current in a fraction of H2-R-transfected cells. This inhibition is supposed to be mediated via a Gq/11-
PLC-mediated depletion of PIP2, suggesting a partial coupling of overexpressed H2-R to Gq/11. Dual coupling of H2-Rs to Gs and Gq is
demonstrated for the first time in cardiac myocytes. It represents a novel mechanism to augment positive inotropic effects by activating two
different signalling pathways via one type of histamine receptor. Activation of the Gs–cAMP–PKA pathway promotes Ca
2 + influx through
phosphorylation of L-type Ca2 + channels. Simultaneous activation of Gq-signalling pathways might result in phosphoinositide turnover and
Ca2 + release from intracellular stores, thereby augmenting H2-induced increases in [Ca
2 +]i.
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1. Introduction H subtype which is known to couple to stimulatory GHistamine receptors are expressed in cardiac tissue of
various species, including man [1,2]. The actions of hista-
mine as a cardiac stimulatory compound have been de-
scribed as early as 1910 [3]. In principle, the actions of
histamine on the heart resemble those of h-adrenergic
agonist, i.e. the major effects of this autacoid are an increase
in sinus rate and in force of contraction [2]. From several
studies, there is evidence that the predominant histamine
receptor in cardiac muscle and the conductive system is the0167-4889/$ - see front matter D 2003 Elsevier B.V. All rights reserved.
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proteins (Gs) [4–6]. However, the situation is complicated
by differential expression of histamine receptor subtypes in
the ventricles and atria of various species [1,7].
There is a growing body of evidence that specificity of
signalling pathways in terms of G protein-coupling or
targeting of further downstream elements, is affected by
the expression level of the receptor type and/or the envi-
ronment, i.e. cell type expressing the receptor. As demon-
strated for the h-adrenergic pathway in cardiac myocytes,
loss of target specificity can be induced by increasing the
expression level of Gs-coupled receptors [8] or increasing
the concentration of free Gs-derived hg subunits [9]. These
manipulations are assumed to affect the spatial and struc-
tural compartmentalisation of signal proteins, resulting in
nonspecific Gs-mediated activation of effector proteins
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[8].
Despite the lack of specificity of various hg subunit
compositions in activating effector proteins (e.g. Ref. [10]),
a key role for the Ga subunit for determining the specificity
of coupling between receptor and effector protein has been
suggested. Leaney et al. [11] attributed Gs-mediated effects
on Gi effector proteins to the promiscuous coupling of
receptors to more than one G protein.
Evidence has been provided, that apart from coupling to
Gs, H2 receptors also couple to Gq/11, resulting in activa-
tion of the phospholipase C (PLC)-coupled pathway. Cou-
pling of H2-R to Gq/11 so far has only been demonstrated
in transfected cell lines such as insect Sf9 cells, or
hepatoma, respectively, but not in the more authentic
environment of a differentiated organotypic cell [12]. We
therefore studied coupling of H2 receptors expressed by
transient transfection in rat atrial myocytes using endoge-
nous G protein-activated inwardly rectifying K+ (GIRK)
current and L-type Ca2 + current as sensitive readouts.
Though rat myocytes might be less responsive to histamine
than other species, these were used because our previous
studies on regulation of GIRK current by PIP2 [13,14]
were done on rat atrial cells. To investigate the contributionFig. 1. Histamine effects on ICa in cardiac cells of rat and guinea pig. His (10 AM) i
in H2-R-transfected rat atrial myocytes (B) but not in control cells (A). (C) Comp
cells (referred to a control current of 100%). (D) His had no effect in guinea pig at
was only performed in rat atrial cells because of the small current amplitude.of the PLC pathway to the histamine action on GIRK
currents, we had to use the same experimental protocol and
cell system as in our previously published study on the
mechanism of the phenylephrine-induced inhibition of
GIRK currents [13].
We show that H2-R expressed heterologously in this
system, couple to Gs and Gq/11, demonstrating that the
H2-R represents the prototype of a heptahelical receptor
with bifurcating signalling properties at the most proximal
level, namely the receptor G protein interface. Overexpres-
sion of H2-receptors also results in a loss of target specificity,
as indicated by the Gs-mediated nonspecific activation of
GIRK channels, which are normally activated by Gi-derived
hg subunits.2. Materials and methods
2.1. Isolation and culture of atrial myocytes
Experiments were performed with local ethics committee
approval. Wistar Kyoto rats of either sex (around 200 g)
were anaesthetised by i.v. injection of urethan (1 g/kg). The
chest was opened and the heart was removed and mountednduced an increase in ICa elicited by 50 ms test pulses from  50 to  5 mV
arison of His-induced and Iso (10 AM)-induced increases in ICa in rat atrial
rial cells, but increased ICa in ventricular cells (E). Leakage correction of ICa
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coronary perfusion at constant flow. The method of enzy-
matic isolation of atrial myocytes has been described
elsewhere (e.g. Ref. [15]). The culture medium was FCS-
free bicarbonate-buffered M199 (Gibco, Dreieich, Ger-
many) containing Gentamycin (25 Ag/ml, Sigma, Deisen-
hofen, Germany) and Kanamycin (25 Ag/ml, Sigma). Cells
were plated at a low density (several thousand cells per
dish) on 36-mm culture dishes. Medium was changed 24
h after plating and then every second day. Myocytes were
used experimentally from day 3 until day 5 after isolation.
No effects of time in culture were found as for the key
experiments.
2.2. Solutions and chemicals
For the patch clamp measurements of IK(ACh) an extra-
cellular solution of the following composition was used
(mM): NaCl 120, KCl 20, CaCl2 0.5, MgCl2 1.0, Hepes/
NaOH 10.0, pH 7.4. The solution for filling the patch clamp
pipettes for whole-cell measurements of G protein-activated
K+ currents contained (mM): K-aspartate 100, KCl 40, NaCl
5, MgCl2 7, Na2ATP 5, EGTA 2, GTP 0.025, HEPES/KOH
20, pH 7.4. For measurement of L-type Ca2 + current theFig. 2. Histamine activated GIRK currents in H2-R-transfected cells. (A,B) contr
from  120 to + 60 mV were applied every 10 s. ACh (20 AM) and His (10 AM)
activated GIRK currents (B). In H2-R-transfected cells, His induced IK(ACh) (C). I/V
and His (c–b)). (E) Current densities of ACh-induced and His-induced K+ currenpipette filling solution had the following composition (mM):
CsCl 140; MgCl2 7, Na2ATP 5, EGTA 10, HEPES 20/
CsOH, pH 7.3, GTP 0.025. The extracellular solution
contained (in mM) NaCl 122, CsCl 20, CaCl2 5, MgCl2
1.0, Hepes/NaOH 10.0, pH 7.4. Standard chemicals were
from Merck (Darmstadt, Germany). EGTA, Hepes, MgATP,
Ado, GTP, ACh-chloride, histamine dihydrochloride and
isoproterenol bitartrate were from Sigma. Pertussis toxin
was from Calbiochem (Bad Soden, Germany). Mepyramine
and cimetidine were obtained from Tocris Cookson (UK).
2.3. Current measurement
Membrane currents were measured using whole-cell
patch clamp. Pipettes were fabricated from borosilicate
glass and were filled with one of the solutions listed above
(DC resistance 4–6 MV). Currents were measured by
means of a patch clamp amplifier (List LM/EPC 7,
Darmstadt, Germany). Signals were analog filtered (corner
frequency of 1–3 kHz), digitally sampled at 5 kHz and
stored on a computer, equipped with a hardware/software
package (ISO2 by MFK, Frankfurt/Main, Germany) for
voltage control and data acquisition. Experiments were
performed at ambient temperature (22–24 jC). If notol cells. Membrane currents at  90 mV holding potential. Voltage ramps
were applied as indicated. His failed to induce IK(ACh) (A) or to affect ACh-
relation of IK(ACh) induced by acetylcholine (background subtracted (a–b)
ts.
Fig. 4. Activation of IK(ACh) by overexpressed H2-receptors after PTx
treatment (2 Ag PTx/ml, incubation time 4 h). (A) Low-speed recording of
membrane current at  90 mV holding potential. (B) I/V relation of
histamine-induced current (background subtracted). (C) Current densities of
GIRK currents under control conditions (IK(ACh) 56.4F 7.8 pA/pF, IHis
20.6F 4.1 pA/pF, n= 16) and after PTx-incubation (IK(ACh) 0 pA/pF, IHis
10.6F 2 pA/pF, n= 5).
Fig. 3. H2-R stimulation causes heterologous desensitization of IK(ACh),
suggesting that endogenous M2-R and overexpressed H2-R activate the
same population of channels.
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i.e. negative to EK, resulting in inward K
+ currents.
Current–voltage relations were determined by means of
voltage ramps between  120 and + 60 mV (500 ms).
Data analysis was also performed with ISO2. Mean values
are given as meanF S.E. Rapid superfusion of the cells for
application and withdrawal of different solutions was per-
formed by means of a solenoid-operated flow system that
permitted switching between up to six different solutions
(t1/2V 100 ms).
2.4. Transfection protocol
Rat atrial myocytes were transfected using the Lipofect-
amine (Life Technology Inc.) method. Myocytes were
cultured overnight to allow attachment. For transfection,
2.5 Ag/plate of the reporter enhanced green fluorescent
protein (EGFP-vector (Clontech) and 2.5 Ag/plate of the
constructs pcDNA3.1-H2-R (mouse histamine H2-receptor
DNA was kindly provided by Dr. Watanabe, Kyushu Uni-
versity, Fukuoka, Japan) or pcDNA3.1-h1-AR were used.
The H2 cDNA was subcloned into the pcDNA3.1-vector
using NotI and XhoI restriction sites. The h1-AR cDNA (rat,
kindly provided by Dr. C.A. Machida, Division of Neuro-
science, Oregon Health and Science University, Beaverton,
USA) was subcloned into the pcDNA3.1-vector using
EcoRI and XbaI restriction sites.
All cDNAs were under CMV-promotor control. To
precomplex the DNA for each plate, constructs were
incubated with 100 Al transfection medium (M199 without
FCS and antibiotics) and 5 Al Plus reagent (Life Technol-
ogy) for 15 min at room temperature. After incubation,
2.5 Al lipofectamine (Life Technology) was diluted in
100 Al transfection medium, mixed with Plus/DNA solution,
and incubated in the same way before dilution transfection
medium to a final volume of 1 ml. Myocytes were incubated
for 3 h under normal cell culture conditions with the
transfection solution. Thereafter, dishes were washed and
incubated with fresh medium M199 supplemented with
gentamycin and kanamycin (20Ag/ml each) at 37 jC and
1% CO2. Chinese hamster ovary cells (CHO) were trans-fected using the same protocol, but with different amounts of
expression vectors (1 Ag/ml).3. Results
It has been shown previously in different systems that
H2-R couple predominantly to Gs, resulting in activation of
the cAMP–PKA signalling pathway [16] and augmentation
of macroscopic L-type Ca2 + current. In line with a study by
Hescheler et al. [17] in ventricular myocytes of the guinea
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by a step depolarization from  50 mV (holding potential)
to  5 mV (Fig. 1E). In contrast, neither in atrial myocytes
of the guinea pig (Fig. 1D) nor in atrial myocytes of Wistar
Kyoto rats (Fig. 1A) did histamine affect this current.
Sensitivity of the current in rat atrial cells to protein kinase
A (PKA)-stimulation was verified, since a reversible in-
crease in ICa by 91F 28% (n = 8), in response to 10 AM
isoproterenol was recorded (Fig. 1A,C). Our experiments
clearly suggest that functional expression of H2-R in atrial
myocytes is absent or marginal, in line with previous studies
in rat and guinea pig heart (for review see Refs. [1,2]). InFig. 5. Coupling of H2-R to GIRK currents in heterologous expression systems. (A)
encoding for GIRK1, GIRK4 and H2-R. (B) Current–voltage relationship of hista
incubated with pertussis toxin (2 Ag/ml M199, incubation for 4 h). (D) Current de
PTx-treated cells (18.4F 4.2 pA/pF, n= 6).reporter-positive atrial myocytes transfected with the H2-R
encoding pcDNA3.1 vector, exposure to His (10 AM)
resulted in a reversible augmentation of ICa by 70F 19%
(n = 8) (Fig. 1B,C). This is confirmatory to the established
coupling of this receptor to the Gs–cAMP signalling path-
way (e.g. [17,18]).
We next studied sensitivity of the endogenous GIRK
current to His. As shown in Fig. 2A, at a concentration of 10
AM, His did not result in detectable activation of IK(ACh) in a
representative rat atrial cell that responded to ACh (20 AM)
with activation of a K+ inward current (at  90 mV) of 2
nA. Moreover, as shown in Fig. 2B, ACh-induced currentInward current evoked by histamine in a CHO cell, transfected with vectors
mine-induced GIRK current. (C) His-induced GIRK current in a CHO cell,
nsities of His-induced currents in control cells (20.5F 2.9 pA/pF, n= 5) and
Fig. 7. Comparison of histamine and phenylephrine effects on GTP-g S-
activated currents. Representative traces of GTP-g S activated currents.
(A) In a control myocyte, histamine failed to induce current inhibition
whereas phenylephrine (100 AM) inhibited IK(ACh) by about 80%. The dashed
lines indicate the current level immediately at the beginning of the
experiment and after full GTP-g S-induced activation. (B) In H2-R-trans-
fected cells, histamine inhibited the GTP-g S-activated current by about
40%. (C) Summarized data of current inhibition.
Fig. 6. Inhibition of IK(ACh) in H2-R-transfected cells. (A) Inhibition of
background IK(ACh). Dashed lines are drawn to indicate the inhibition of the
background IK(ACh) and reduction in the agonist-induced IK(ACh). (B)
Normalized difference traces: (b–a) agonist-induced GIRK current; (a–c)
His-inhibited background current. (C) Histamine-induced decrease in the
GTP-g S-activated IK(ACh). H2-R-transfected cells were loaded with 500
AM GTP-g S via the patch pipette. The dashed lines indicate the current
level immediately after rupturing the membrane patch and the level of the
GTP-g S-activated current.
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together, these data provide strong evidence that rat atrial
myocytes do not possess endogenous histamine receptors
coupled to Gi/o.
In previous studies, a variety of endogenous receptors,
apart from M2AChR, have been shown to activate GIRK
current via Gi/o-derived hg-subunits [19–22], whereas clas-
sic receptors coupled to Gq/11, resulting in activation of
PLC, have been shown to cause inhibition of IK(ACh), most
likely by depletion of phosphatidylinositol 4,5 bisphosphate(PIP2), an essential co-factor for GIRK channel opening
[23–26].
In the majority of transfection-positive cells (28 of 34
cells), exposure to His resulted in an inward current at  90
mV holding potential whose amplitude on average
amounted to about 30% of ACh-induced current (Fig.
2C,E). The current densities for acetylcholine-induced cur-
rent were 57.2F 8.2 pA/pF in control cells and 56.4F 7.8
pA/pF in H2-R-transfected cells. Histamine-induced current
in transfection-positive cells was 20.6F 4.1 pA/pF (each
n = 16). A comparison of the voltage dependence yielded
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characteristic of atrial GIRK current for both, ACh- and
His-induced currents (Fig. 2D). Exposure to ACh on the
background of histamine resulted in a total current, which
was smaller than the sum of ACh- and His-induced currents
(Fig. 3). This behaviour results from (i) the recruitment of
the same population of channels by either agonist, and (ii)
the heterologous nature of ‘‘fast’’ or ‘‘acute’’ desensitisation,
which reflects a property of the GIRK channel complex or
one of its subunits, respectively (compare Refs. [8,27]).
To obtain further information on the class of G protein
that mediates activation of IK(ACh) by His, H2-R-transfected
myocytes were incubated with pertussis toxin using a
protocol for incubation that resulted in complete unrespon-
siveness to ACh, i.e. a complete elimination of Gi/o-medi-
ated signalling (incubation with 2 Ag/ml PTx for 4 h).
As shown in Fig. 4A, His still elicited GIRK currents,
indicating that activation proceeds via Gs-derived hg sub-
units. Density of His-induced current was significantly
lower than in untreated cells (Fig. 4C). PTx-treatment in
atrial myocytes has a cytotoxic effect resulting in visible
changes in cell morphology, such as blebbing and detach-
ment. This might result from depolarization due to reduction
of basal IK(ACh) activity, which provides the major back-Fig. 8. His-induced effects on IK(ACh) in H2-R-transfected myocytes are bloc
overexpressing H2-receptors, the H1-R-antagonist mepyramine (2 AM) did not b
blocked the His-induced K+ current, but did not affect the ACh-induced K+ curre
inhibition of GTP-g S activated K+ currents. (D) In the presence of cimetidine, h
experimental condition).ground K+ conductance of these cells. Given the metabolic
sensitivity of inwardly rectifying K+ channels, this may
cause a reduction in IK(ACh) density not specifically related
to inhibition of Gi/o.
Stimulation of heterologously expressed H2-R in a cell
line (CHO) caused activation of current carried by co-
expressed GIRK1/GIRK4 channels in a PTx-insensitive
manner (Fig. 5) giving support to the notion that (i) receptor
promiscuity of the kind described here is not limited to atrial
myocytes and (ii) that target specificity of G protein coupled
receptors is not provided by a-subunits.
In 6 out of 34 of H2-R-transfected myocytes, we did
not observe activation of IK(ACh) by His, but a slight
reduction in the background inward holding current and
an inhibition of the current activated by ACh. A represen-
tative example is illustrated in Fig. 6A. Upon switching to
His-containing solution, there was a transient activation of
inward current, which appeared to be superimposed by an
inhibition. The amplitude of ACh-activated current was
reduced by around 20%. As shown in Fig. 6B, the differ-
ence current–voltage relation of the inhibited fraction of
background current was identical to that of the ACh-
activated current, excluding activation of a current that is
outward at  90 mV. Since the background current in atrialked by H2-R-, but not by H1-R-antagonists. (A) In rat atrial myocytes
lock the His-induced IK(ACh). (B) Cimetidine (10 AM) almost completely
nt. (C) In H2-R-transfected cells, mepyramine did not prevent His-induced
istamine failed to inhibit the GTP-g S-activated K+ current (n= 4 for each
Fig. 9. Loading of cardiac cells with PIP2. (A) His- and Phe-induced
inhibition of GTP-g S-activated currents in H2-R-transfected cells
(control). (B) Inhibition of GTP-g S-activated currents is reduced by
adding PIP2 (500 AM) to the pipette solution (representative recording). (C)
Summarized data of current inhibition.
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pendent IK(ACh) (e.g. Refs. [28,29]), histamine seems to
exert opposing effects on GIRK currents (activation and
inhibition), probably by promiscuous coupling to different
G proteins. Thus, in individual cells, H2-R stimulation may
cause PTx-independent activation of endogenous GIRK
channels or their inhibition, respectively. It is conceivable
that in individual cells, activation and inhibition of IK(ACh)
by H2-R are superimposed, resulting in net effects that
might depend on the individual expression levels of this
receptor and, presumably, of endogenous signalling compo-
nents. In order to delineate the signalling pathway underly-
ing the inhibition, H2-R-transfected cells were loaded via
the patch pipette with GTP-g–S, which results in irrevers-
ible activation of IK(ACh) upon exposure of the cell to ACh.
As illustrated in Fig. 6C, exposure to His under this
condition results in slow inhibition of the current in GTP-
g–S loaded myocytes. In a series of experiments, the
inhibitory action of His was compared to that of the a-
adrenergic agonist phenylephrine (Fig. 7), which causes
inhibition of GIRK current via PLC-mediated depletion of
PIP2 [13,25,30]. On average, His caused an inhibition by
41F 4.3% (meanF S.E., n = 21), which was significantly
larger than spontaneous ‘‘rundown’’ (20.5F 4.1%, n = 9)
observed under these conditions (Fig. 7C). The time course
of His-induced inhibition is reminiscent of the action of
phenylephrine (Fig. 7A, B). Moreover, the actions of both
compounds are not additive, i.e. the total reduction in
current upon adding Phe to the superfusing solution was
not significantly different from the amount of inhibition
exerted by Phe alone (data not shown). To further confirm
the idea that His-effects on IK(ACh) are exclusively mediated
by H2 receptors, we investigated the effects of different
histamine receptor antagonists in H2-R transfected myo-
cytes. As shown in Fig. 8, the histamine-activated IK(ACh)
was not affected by the H1-R-antagonist mepyramine (Fig.
8A) but could be almost completely blocked by the H2-R-
antagonist cimetidine (Fig. 8B). Application of mepyramine
in GTP-g–S loaded myocytes did not prevent the slow K+
current inhibition (Fig. 8C), demonstrating that H1 receptors
are not involved in His-induced effects on IK(ACh). In
contrast, the histamine-induced inhibition of the GTP-g–S
activated K+ current was abolished by cimetidine (Fig. 8D).
In a recent study [13], we analyzed the mechanism of the
phenylephrine-induced inhibition of IK(ACh) and demonstrat-
ed that this inhibition reflects the depletion of PIP2 resulting
from a1-R-mediated activation of PLC. In that study, we
demonstrated that manipulation of the intracellular PIP2
concentration affects the amount of a1-R-mediated GIRK
current inhibition. With the background of this study, we
proposed a similar mechanism for the inhibitory action of
histamine on IK(ACh). Since PIP2 is an important cofactor of
IK(ACh) activation by Ghg, we investigated whether loading
of atrial myocytes with PIP2 affects the properties of
histamine-induced inhibition. In a series of experiments,
the pipette filling solution was supplemented by GTP-g–Splus PIP2. As illustrated in Fig. 9, in cells loaded with PIP2
the inhibition of GTP-g–S-activated current by His was
significantly reduced from 48.8F 5.5% (n = 6, H2-R-trans-
fected cells without PIP2) to 20.5F 7.1% (n = 8). In the
same group of cells, PIP2-supplementation reduced the
phenylephrine-induced inhibition significantly from 81.5F
8.5% (n = 6) to 57.4F 5.2% (n = 8, Fig. 9C).
Heterologous expression of the paradigmatic h1-adren-
ergic receptor (h1-AR) in a mouse cell line resulted not only
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sion levels, in stimulation of PLC via these receptors [31].
This had been interpreted in terms of additional coupling to
Gq/11, i.e. in a loss in G protein specificity. To investigate if
such a dual G protein coupling is a general property of Gs-
coupled receptors, atrial cells were transfected with a vector
encoding for the h1-AR. In line with a recent study, IK(ACh)
could be activated by Isoprenaline (10 AM) in h1-AR
overexpressing myocytes under normal conditions (GTP-
containing pipette filling solution [8]; data not shown). InFig. 10. Isoprenaline failed to induce inhibition of the GTP-gS-activated
current in h1-AR-transfected myocytes. Representative traces of GTP-g S
activated currents. (A,B) Isoprenaline (10 AM) exerted no inhibitory effect
on GTP-g S-activated currents in control cells or h1-R-transfected
myocytes. Gq-mediated pathways were intact as phenylephrine (100 AM)
strongly reduced the IK(ACh). Dashed lines indicate the current level
immediately after rupturing the membrane patch and the level of the GTP-
g S-activated current. (C) Summarized data of current decrease.GTP-g S loaded cells, isoprenaline did affect IK(ACh)
either in control or in h1-AR-transfected myocytes (Fig.
10). During exposure to Iso, the current decreased by
30.7F 3.1% (n = 7), which is not significantly different
from spontaneous current decrease (26F 4.2%, n= 7) in
h1-AR-transfected cells in the absence of Iso. Phe-induced
inhibition was not altered by h1-AR overexpression indi-
cating that Gq/11-mediated signal pathways were not affect-
ed (application of phenylephrine induced current inhibition
by 80.3F 4.9 (n = 6) in control cells and by 77.1F 9.8%
(n = 5) in h1-AR-transfected cells, Fig. 10C). These results
suggest that overexpression of a preferentially Gs-coupled
receptor does not necessarily result in promiscuous coupling
to the Gq family.4. Discussion
In the present study, we show that histamine receptors of
the H2 subtype couple to different heterotrimeric proteins,
namely Gs and Gq/11, when heterologously expressed in
cardiac atrial myocytes. Signalling via these G proteins, in
turn, results in regulation of the endogenous targets, L-type
Ca2 + channel current and GIRK channel current via differ-
ent G protein species. As cardiac cells from various species
do express this type of receptor endogenously, they provide
a more authentic and physiological background for func-
tional expression studies than conventional cell-line based
expression systems.
From a number of previous investigations, there is
evidence that the dominant effects of His on the intact heart
and on isolated ventricular myocytes are mediated by the
H2 receptor subtype (for review see Ref. [2]). In contrast,
in rabbit papillary muscles and in guinea pig left atria,
the positive inotropic histamine effects were mediated by
Gq-coupled H1-receptors [2,32]. Activation of PLC resulted
in the production of inositol (3,4,5) trisphosphate (IP3) and
diacylglycerol (DAG) and subsequently, in a Ca2 + release
from internal stores [33]. The distribution of the histamine
receptor subtypes and their expression levels vary signifi-
cantly between different species. Hattori et al. [7] compared
the receptor densities of H1- and H2-receptors in guinea
pig and rabbit ventricular myocardium. From their data,
the authors concluded that the H1-receptor is the domi-
nant histamine receptor subtype in the guinea pig ven-
tricle, whereas in the rabbit ventricle the H2-receptor is
more abundant. Interestingly, despite their low expression
level in the guinea pig ventricle, H2-receptors mediate the
cellular histamine response which could be antagonized by
the H2-R-blocker cimetidine. In contrast, in rabbit papillary
muscle (with the high expression level of H2-R), the positive
inotropic response was blocked by the H1-R-antagonist
mepyramine, indicating that it was induced by H1-receptors.
Despite of the fact that positive inotropic effects are
mediated by H2-R in guinea pig and H1-R in rabbit
ventricle, histamine-induced IP3 accumulation was similar
M.-C. Wellner-Kienitz et al. / Biochimica et Biophysica Acta 1642 (2003) 67–7776in both species, indicating that phosphatidylinositol (PI)
hydrolysis might be independent of positive inotropism.
From these data the question arises whether the strong PI
hydrolysis in rabbit ventricle results from a very efficient
coupling of rabbit H1-receptors to PLC or from a promis-
cuous coupling of H2-receptors to Gs and Gq.
Our experiments support the notion that bifurcating
signalling properties of H2-receptors might result in an
augmentation of positive inotropic effects. First, our data
on H2-R-transfected cardiac myocytes demonstrate that
receptor-target selectivity is not localized at the level of
the G protein hg dimer, since GIRK currents were nonspe-
cifically activated by Ghg subunits derived from stimulatory
G proteins. Since different hg subunit combinations have
been shown to activate GIRK currents [10], our data support
the notion that target selectivity depends on a variety of
factors, such as spatial and functional coupling of signal
components. In contrast to a study by Leany and Tinker [34]
which suggested a key role of the Ga subunit in determining
the specificity of coupling between receptor and G protein,
we were able to activate GIRK currents by Gs-coupled
receptors in both a heterologous expression system and
adult cultured cardiomyocytes.
Second, additional coupling of H2-receptors to Gq in
cardiac myocytes was demonstrated by histamine-induced
inhibition of the full GTP-g S-activated GIRK current. As
described previously [13], receptor-induced inhibition of
IK(ACh) is induced by depletion of PIP2. The subsequent
step after activation of Gq-coupled receptors is the activation
of PLCh and formation of IP3 and DAG from hydrolysis of
PIP2. In a number of studies, the important role of PIP2 as a
cofactor for Ghg-induced activation of GIRK channels has
been established [23,35,36], thus PIP2-depletion results in a
decrease in K(ACh) channel activity. Using overexpression of
phosphatidyl-4-phosphate 5-kinase (PI5-kinase) it has been
demonstrated, however, that endogenous PIP2 concentration
is not limiting basal function of GIRK channels in atrial
myocytes [14] On the level of receptor–G protein interac-
tion, variable degrees of specificities have been described. A
dual coupling is described for overexpressed h-receptors (Gs
and Gq [31], Gs and Gi [37]), type 2 vasopressin receptor
(V2R, [31]) and dopamine D1A receptors, adenosine A2A
(to Gs and Gq [38]) as well as for overexpressed H2
receptors in insect cells [12].
Although the low transfection rate in our study hampered
biochemical experiments (such as Western blots) for ana-
lysing receptor density, the amplitude and kinetics of GIRK
currents provide a good online assay for the density of
overexpressed receptors. As previously shown [27], in the
case of saturating concentrations of either agonist, differ-
ences in current amplitude and activation kinetics should
reflect the differences in ligated receptors and thus in
receptor densities [39]. In h1-AR transfected cells, the
current density of isoprenaline-induced IK(ACh) was about
70% of the maximal ACh-induced IK(ACh) [8], indicating a
high expression level of h1-AR. In contrast, in H2-R-trans-fected cells, the current density of the His-induced IK(ACh)
was significantly smaller (about 30% of the maximal ACh-
activated GIRK current), reflecting a lower receptor density.
Despite a rather high expression level of h1-AR, a dual
coupling of h1-AR to Gs and Gq seems to be unlikely since
isoprenaline did not inhibit GIRK currents in h1-AR-trans-
fected cells.
The dual coupling of H2-receptors to Gs and Gq has been
demonstrated for the first time in organotypic differentiated
cells. It represents a novel mechanism to augment cardiac
positive inotropic effects by activating two different signal-
ling pathways via one type of histamine receptor. Activation
of the Gs-pathway will lead to activation of adenylate
cyclase and cAMP-dependent PKA which will promote
Ca2 + influx through phosphorylation of L-type Ca2 + chan-
nels. Simultaneous activation of Gq-signalling pathways
might result in phosphoinositide turnover and Ca2 +-release
from intracellular stores. This may augment the H2-induced
increase in [Ca2 +]i which is mainly involved in cardiac
positive inotropy. In addition, histamine-induced positive
chronotropic effects in supraventricular cells might be—at
least partially—attributed to the Gq-mediated inhibition of
preactivated IK(ACh). Since in the heart in situ, parasympa-
thetic nerves are tonically active, muscarinic K+ currents
contribute to the regulation of cardiac function such as sinus
node automaticity and atrial action potential duration. His-
tamine via activation of H2-receptors might then accelerate
the sinoatrial rate not only by increasing L-type Ca2 +
current [2,17] or hyperpolarization-activated current If [40]
but also by inhibition of IK(ACh).Acknowledgements
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